A disposable molecular valve, consisting of a membrane coated with alginate gel, which is partially cross-linked with Ca 2+ , was developed based on a volume change and/or dissolution of the gel in response to the cation concentration. The valve automatically opened upon an increase in the concentration of cations such as H + , Na + , Ca 2+ , Mg 2+ , Cu 2+ , or Al 3+ . The concentration where the valve opens was 1 × 10 -4 to 2 × 10 -4 M for Ca 2+ , Cu 2+ , and Al 3+ , but the solution volume passed vs. concentration increased in the order of Ca 2+ , Cu 2+ , and Al 3+ . For Na + and Mg 2+ the valve opening concentration was ca. 1 × 10 -2 and 1 × 10 -3 M, respectively. Two mechanisms were proposed to account for the opening of the valve. One is due to a shrinking of the gel caused by cations; the other is due to dissolution of the gel. The former corresponds for the cases of Ca 2+ , Cu 2+ , and Al 3+ , and the latter does for Na + and Mg 2+ . The valve closed over the pH range from 3 to 12, whereas it opened below and above this range. The effects of anions and pressure were also studied.
Introduction
Molecular valves consisting of polymer gels have attracted a great deal of attention due to the fact that they are able to self-regulate flow control on the basis of changes in the volume of the gels. In addition, they could be in molecular size in theory, which meets the demand on miniaturized sizes required in flow control in nano-and micro-fluidic systems. Conventional electromagnetic valves should consist of sensing, signal transmission, and actuation parts. On the other hand, molecular valves that consist of polymer gels have those functions on their own. In addition, they are capable to self-regulate flow control on the bases of volume change responding to various stimuli, such as temperature, 1,2 pH, [3] [4] [5] cation concentration, 6 and solvent composition. 2 Further, they do not require an external power supply.
We have recently developed a molecular valve consisting of poly(acrylic acid) gel, which responds to changes in the cation concentration including H + , Na . 6 The valve consists of a Au mesh covered with the gel, which closes at a lower cation concentration as the gel expands to block the mesh, whereas it opens at a higher concentration as the gel contracts to make spaces in the mesh. This volume change in the gel is mainly ascribed to a change in the concentration of the transition and rare earth metal ions which coordinatively, in addition to electrostatically, interact with carboxylate groups of a poly(acrylic acid). [7] [8] [9] However, applications of the molecular valve consisting of poly(acrylic acid) gel to biological systems would be limited, since it has a low affinity for those due to the toxicity of an unreacted monomer (acrylic acid).
Similar functionality to poly(acrylic acid) gel was expected for alginate gel, since it possesses carboxylate groups. Alginate is a polysaccharide obtained mainly from brown algae, and a block copolymer consisting of β-D-mannuronic and α-L-guluronic acids with various composition ratio and sequence. 10 One of the most interesting properties of the alginate is that it forms gel by the addition of certain ions such as Ca 2+ . This gelation takes place via binding of Ca 2+ ions to homogeneous blocks of mannuronic acids, forming a so-called "egg-box". 11 The gel formation is fast and takes place under mild conditions, and the resulting gel is mechanically stable. In addition, one of the most important properties of the gel is high biological affinity due to its origin. For these reasons, alginate gel has been widely used for the food industry, pharmacy, and biotechnology, including the immobilization and encapsulation of cells, drug delivery systems, and bioreactors.
In this context, toward the development of a reversible molecular valve with high bio-affinity, we report on a prototype model of a molecular valve with alginate gel, which is expected to reveal fundamental properties of the alginate gel valve. The valve consisted of a membrane filter covered with alginate gel, which is partially cross-linked with Ca 2+ ions, leaving free carboxylates, which serve as a reacting site. The valve closed at a lower cation concentration as the gel expands to block the filter, whereas opened at higher concentration as the gel contracts and/or dissolves to make spaces in the filter. The valve responds to a variety of cations, including H + , Na + , Ca 2+ , Mg . A potential application of the valve could be an automatic controller for flow analysis, which opens only when the cation concentration exceeds a certain value.
Experimental

Materials
Sodium alginate (Wako Pure Chemical Industries, Ltd.) was used as received. Calcium nitrate was dried over P2O5 under a vacuum. All other reagents were of at least reagent-grade quality and were used without further purification unless otherwise noted. Aqueous solutions were prepared with distilled-deionized water.
Preparation of partially cross-linked alginate gel-modified membrane
Alginate gels were prepared on a membrane filter (10 × 10 mm 2 , Omnipore, pore size 10 μm, Millipore) by partial cross-link of sodium alginate by Ca 2+ . In detail, a membrane filter was set in between home-made holders (polycarbonate, 5.0 mm i.d.) via O-rings (fluoro rubber, 4.8 mm i.d.) (Fig. 1) . A 72-μl of 10 mM (monomer unit) sodium alginate solution was cast on one side of the membrane and dried by N2 gas flow. A 72-μl of 2 mM Ca(NO3)2 was then cast onto the alginate layer and dried in the same way. Since the molar ratio of alginate (monomer unit) to Ca 2+ is 5:2, 60% of carboxylates was left free for interactions with the target cations.
Procedures
The above-mentioned alginate-Ca-modified membranes were placed in contact with ca. 0.3 ml of water for 5 min, and this procedure was repeated three times to remove unreacted reagents. For permeability monitoring, the holders were set vertically and a glass tube (120 mm length × 4.8 mm i.d.) was attached to the upper holder. To check for any leakage of the gel film, the fluid level of 2 ml water was monitored for 2 h. After this test, the water was replaced with 2 ml of various electrolyte solutions and the volume of the solution passed the film (valve) was measured for 2 h. The determination of Ca 2+ ions in the elute solution was performed with AAS (SAS/272, Seiko Denshi Co. Ltd.) at 422.7 nm. The calibration curve was obtained with a standard CaCl2 solution. Alginate in the elute solution was determined according to a carbazole-sulfuric acid method. 12 All measurements were performed at room temperature (25 ± 1 C).
Results and Discussion
Response to cations
The responses of the valve to cations were examined using NaNO3, Mg(NO3)2, Cu(NO3)2, Ca(NO3)2, and Al(NO3)3 aqueous solutions. Figure 2A shows the dependencies of the volume passed the alginate gel coated-membrane on the concentrations of Cu(NO3)2, Ca(NO3)2, and Al(NO3)3 aqueous solutions. At a lower concentration the valve appeared to be closed due to swelling of the gel, which blocks the filter. The concentrations where the valve opens were found to be ca. 1 × 10 -4 , 2 × 10 -4 , and 1 × 10 -4 M for Cu 2+ , Ca 2+ , and Al 3+ , respectively. In the cases of NaNO3 and Mg(NO3)2, similar results were obtained, where the valve opening concentrations were ca. 1 × 10 -2 and 1 × 10 -3 , respectively (Fig. 2B ). Here, two mechanisms are proposed to account for opening of the valve. One is due to a shrinking of the gel caused by cations, which makes spaces in the filter. Another one is due to dissolution of the gel, which works as a valve. Alginate gel cross-linked with Ca 2+ ions is known to be stabilized with cations having a higher affinity for alginate in the order of Pb 2+ > Cu 2+ > Ba 2+ > Sr 2+ > Ca 2+ > Co 2+ = Ni 2+ > Zn 2+ > Mn 2+ . 13 In addition, the rigidity of the gel has been demonstrated to increase in the order of Pb
14 Thus, the alginate gel possessing free carboxylate groups was expected to shrink upon the addition of Cu 2+ and Ca 2+ ions. In the case of Al 3+ ion, a similar effect was anticipated because it has higher charges. In fact, the alginate gel film employed in the present study, which possesses 60% of free carboxylates, contracted when it was brought to in contact with those cations at concentration higher than ca. 1 × 10 -4 M. On the contrary, Na + and Mg 2+ ions are known to be anti-gelling reagents, which cleave the cross-link between Ca 2+ and alginate. 13 The alginate gel films appeared to be dissolved upon the addition of those ions at a concentration higher than ca. 1 × 10 -2 and 1 × 10 -3
, respectively. Based on , and Al 3+ the opening of the valve at higher concentrations of cations could be attributed to a shrinking of the gel, whereas for Na + and Mg 2+ it was assigned to dissolution of the gel.
These were further supported by the determination of the Ca 2+ ion and the alginate in the solutions passed the valve and remained in the upper glass tube (reservoir). The Ca 2+ ion was determined by AAS. In these experiments all salts employed were chlorides, because nitrates were found to interfere with the determination of alginate (see below). In addition, the effect of the anion, at least chloride and nitrate, appeared to be negligible (will be discussed below). Figures 3A -3C show the dependencies of the elution ratio of Ca 2+ on the concentration of NaCl, MgCl2, and AlCl3 solutions, respectively. In these experiments, if all of the solution in the reservoir (2 ml) did not pass the valve within 2 h, a fresh solution was added until 2 ml of the solution passed the valve was obtained. If no solution passed the valve, that which remained in the reservoir was used for the determination. Here, the elution ratio was defined as the ratio of amount of Ca 2+ found in the analyte solution to that presented in the alginate gel film used as the valve (1.44 × 10 -7 mol). As can be seen in Fig. 3A , the elution ratio for a NaCl solution was found to increase at concentrations higher than ca. 5 × 10 -3 M. Here, the elution ratios for NaCl exceed 100% at higher concentrations (open diamonds) are those interfered by the Na + ion in the AAS measurements. The absorbance of a 7.5 × 10 -5 M CaCl2 solution, which equals to the concentration when all Ca 2+ bridging the alginate was eluted, containing 1 × 10 -2 M NaCl was found to be 30% higher than that of a solution without NaCl. Therefore, although the elution ratio contains some error, it can be stated that the Ca 2+ ion exists in the solution passed the valve at higher NaCl concentration. A similar result was observed for a MgCl2 solution where the elution ratio of Ca 2+ increased at concentrations higher than ca. 1 × 10 -3 M (Fig. 3B) . On the other hand, in the case of AlCl3, the elution ratio of Ca 2+ appeared to remain virtually constant (less than 8%) up to 1 × 10 -3 M (Fig. 3C) , which is higher than the valve opening concentration for AlCl3 (1 × 10 -4 M). These results clearly indicate that the Na + and Mg 2+ ions replace the Ca 2+ ion bridging alginate chains, whereas Al 3+ ion does not. Similar results were obtained for the alginate determinations. Figure 4 depicts the relationships between the concentration of the electrolytes and the elution ratio of alginate determined by the carbazole-sulfuric acid method. Here, since nitrate interfered in the determination, chlorides were used for all metal ions employed. The elution ratio of alginate in NaCl and MgCl2 solutions were found to increase as the concentration of those electrolytes increased (Figs. 4A and 4B) , whereas that in an AlCl3 solution remained virtually 0 (Fig. 4C) . On the basis of these results, it can be concluded that anti-gelling reagents such as Na + and Mg 2+ ions dissolve alginate gel by replacing Ca 2+ ion in the gel, which gives rise to an opening of the valve. On the other hand, gelling reagents such as Al 3+ ion do not. Therefore, the opening of the valve in an AlCl3 solution can be attributed to shrinking of the gel.
The slopes of the graph in Fig. 2A increased in the order of and Ca 2+ , Cu 2+ , and Al 3+ . This would be a manifestation of difference in the electrostatic interaction and the stability constant of the cation to caboxylate groups of the gel. That is, ions with higher charge such as Al 3+ have higher interactions with caboxylate groups of the gel, resulting in a higher driving force to shrink the gel, which gives rise to an increase in the slope of the graph. In the case of Cu 2+ and Ca 2+ , the stability constant (K2) of the former with propionic acid (monomer unit of poly(acrylic acid) gel is 2.6, whereas the latter is not expected to form a complex. Poly(acrylic acid) gel, which also has a carboxylate group, has been reported to show a phase transition induced by the formation of a Cu(II) complex with carboxylate groups of the gel as the concentration of Cu 2+ ions in the solution increases. 7 Thus, the Cu 2+ ion should contract the gel more efficiently.
The valve opening time upon loading of an electrolyte solution was found to have a large variation even at the same concentration (for 1 × 10 -1 M NaNO3 solutions, 11 -30 min), but was relatively slow at lower concentrations and turned to be faster as the concentration increased. For example a solution of 1 × 10 -2 M, where the valve opens, a solution of NaNO3 took 118 min to open the valve, whereas 4 × 10 -2 M NaNO3 did within 10 min. This variation could be attributed to the ununiformity of the film thickness and the variety of the cross-link density. To control those factors, control of the gel structure at the molecular level and more reproducible film formation would be necessary. Further, in order to improve the response time, the size of the gel should be reduced, since the rate of swelling/shrinking is known to be proportional to the squared diameter 15 or the thickness 16 of the gels.
Effect of anion
The effect of anions was studied using NaCl, CuCl2, MgCl2, and AlCl3 in comparison to those of nitrates. In all combinations of chloride and nitrate, the concentrations giving rise to open the valve appeared to be virtually the same: NaCl and NaNO3, ca. 1 × 10 -2 M; CuCl2 and Cu(NO3)2, ca. 1 × 10 -4 M; MgCl2 and Mg(NO3)2, ca. 1 × 10 -3 M; AlCl3 and Al(NO3)3, ca. 1 × 10 -4 M. In addition, the slopes of the volume passed vs. concentration of both electrolytes were found to be virtually the same. These results indicate that anions, at least chloride and nitrate, do not affect the valve opening concentration. These results are acceptable since chloride and nitrate are less interactive with those metal ions compared to carboxylate.
Effect of pH
One of the driving forces of the valve is based on changes in the interaction between carboxylates of the gel and cations in a solution. Thus, the pH of the solution, which affects the dissociation of carboxylate, was anticipated to affect the properties of the valve. Figure 5 depicts the dependence of the solution volume passed the valve on the pH. In these experiments the pH of solutions was adjusted using HCl or NaOH. The valve appeared to open at a pH of less than 3 and higher than 12. At a lower pH the volume passed the valve appeared to be rather scattered. The mechanism of the valve opening at the lower pH is proposed to be as follows. Some Ca 2+ ions bridging carboxylates are removed with H + , resulting in a partial dissolution of the gel. In addition, some carboxylates in the gel are protonated upon a decrease in the pH, which gives rise to a decrease in the electrostatic repulsion and the hydrophilicity, resulting in a contraction of the gel. Both the shrinking and the dissolution cause an opening of the valve. However, a further protonation of carboxylates causes a decrease in the solubility of alginate, giving rise to clog of the valve. These opposing phenomena likely cause the scattering of data obtained at lower pH value. On the other hand, at a higher pH, since the concentration of Na + ion from NaOH increases as the pH increase, the valve opens due to dissolution of the gel, which is caused by the replacement of Ca 2+ with Na + as mentioned above. Since the valve responds to changes in the pH, the valve opening should vary if the pH of solutions containing other cation changes. In the case of a NaNO3 solution (Fig. 6A) , the valve opens independent of the concentration at pH 1. At pH 3 and 5 the valve opening concentrations were ca. 1 × 10 -2 M, which is virtually the same as that of solutions with unadjusted pH values of 5.2 to 5.9 mentioned above. At pH 3, however, the volume passed the valve increased sluggishly as the concentration increases in comparison to that of solutions with an unadjusted pH. Even at 5 × 10 -1 M, all solutions did not pass, which was not the case for the unadjusted solution.
At pH 1 solutions of Mg(NO3)2 passed the valve over the concentration range examined (1 × 10 -6 -1 × 10 -1 M) and the volume passed appeared to be independent of the concentration (Fig. 6B) . At pH 3 the valve opened at almost the same concentration (ca. 1 × 10 -3 M) as that of the unadjusted solution (pH 5.1 -5.6). The volume passed increased as the concentration increased and all volumes (2 ml) flowed at concentrations higher than 5 × 10 -2 M, but the average slope was lower than that of the unadjusted solution.
At pH 5 the opening concentration and the slope were in good agreement with those of the Mg(NO3)2 solution with the unadjusted pH mentioned above, as the pH was almost the same.
In the case of Al(NO3)3 ( Fig. 6C ) at pH 1 independent of the concentration, all solutions examined passed the valve. There was no marked tendency for the dependence of the volume passed on the concentration. At pH 3 an Al(NO3)3 solution passed at ca. 1 × 10 -5 M, which is lower than that with an unadjusted pH of 3.7 to 4.6 (ca. 1 × 10 -4 M). The volume passed increased from ca. 1 × 10 -5 M and all solutions passed at On the basis of the above-mentioned results, the effect of the pH on the valve opening concentration for electrolyte solutions could be concluded as follows. At pH 1 the valve remained opened over the electrolyte concentration examined. The volume passed was independent of the concentration, since the dissolution and deposition of the alginate gel likely take place at this pH as mentioned previously.
At pH 3 the behavior of the valve is rather complicated because competing reactions take place at the same as mentioned above. In the cases of NaNO3 and Mg(NO3)2 the concentration at where the valve opens was virtually the same as that of the unadjusted pH. However, the slopes of the volume passed vs. concentration at pH 3 were lower than that of the unadjusted solutions. This would be due to a partial blocking of the membrane by partially protonated alginic acid formed at pH 3, which is lower than that of the solution with an unadjusted pH of ca. 5.5. In the case of Al(NO3)3, the lower valve opening concentration at pH 3 could be ascribed to a combined action of a collapse of the gel caused by partial protonation of carboxylates and a replacement of the Ca 2+ ion with a proton, and by an electrostatic interaction between free carboxylates and Al
3+
. The difference in the behavior between Na + , Mg 2+ and Al 3+ would be rationalized by taking into account the higher charge density of Al 3+ , which gives rise to a higher electrostatic interaction with carboxylates to shrink the gel.
At pH 5 similar responses to those at pH 3 and the solution with unadjusted pH were observed for NaNO3 and Mg(NO3)2 solutions. These results indicate that the effect of protons to the valve property is small at pH 3 and 5; that is, since the proton concentration is not high enough, the effect of metal cations is dominant. In the case of Al(NO3)3, a smaller permeated solution volume, even at a higher concentration could be attributed to the formation of Al(OH)3, resulting in a lowering of the Al 3+ concentration, which, in turn, makes the gel harder to shrink.
Effect of pressure
The effect of pressure on the valve property was investigated by controlling the water level. The valve remained closed up to ca. 3.0 kPa, and opened above it. The volume passed was ca. 0.1 ml at 3.0 kPa and ca. 0.2 ml at 6.8 kPa, and gradually increased in between them. The opening of the valve could be caused by a physical deformation of the gel due to the pressure. This result suggests that the concentration gives rise to open the valve could vary depending on the pressure. Thus, the dependence of the volume passed on the concentration of Al(NO3)3 at 0.6 kPa, which is the normal pressure employed for the all, at 2.5 kPa, which is slightly lower than the valve opening pressure, and at 1.3 kPa, which is in between them was studied (Fig. 7) . The valve appeared to open at ca. 5 × 10 -4 M at 1.3 and 2.5 kPa, which is higher than that at 0.6 kPa (ca. 1 × 10 -4 M). This result can be rationalized by taking into account any compression of the gel at a higher pressure, which prevents the solution from permeating into the gel. This result indicates that changes in pressure give rise to changes in valve opening concentration. However, by keeping the pressure constant (e.g. keeping the solution level constant, etc.) or adding back pressure, this effect could be eliminated.
Conclusions
We developed a disposable and environmentally friendly molecular valve with a simple structure based on an alginate gel, which responses to changes in concentration of variety of cations such as H + , Na + , Mg 2+ , Cu 2+ , Al 3+ . The valve was found to open as the concentration of the cation increased. Thus, it could be used, for example, as a flow control valve for reactors. Since the rate of swelling/shrinking is known to be proportional to the square of the diameter or thickness of gels, faster operation can be expected by reducing a size of the gel. Although the valve operation is not reversible at this stage, reversibility would be feasible by introducing a covalent cross-link, which would prevent dissolution of the gel upon the addition of an unti-gelling reagent such as Na + and Mg 2+ . Such studies are in progress and will be reported elsewhere.
